EW Lac has shown remarkable V/R variations in 1976 -1986, and a similar V/R variation has started again in around 2007, after some quasi-periodic V/R variation. For the first V/R variation event, we analyze the spectroscopic behaviors of emission lines and shell absorption lines of the Balmer series. The V/R variations of the Hα through Hδ lines are characterized by the different manner of variations of the individual emission lines in time lag and in duration of the V/R phases. Weak correlation is also notable between the V/R variations and other variations of the line-profile parameter such as the peak velocities, emission line intensities and peak separations. We analyze shell absorption lines for higher members of the Balmer series for their central depths and radial velocities. The optical depth of the Hα line is in a range of 2000 to 6000, and its long-term variation discloses different behaviors as compared to the V/R variations. Combining the analyses of emission and shell absorption lines, and regarding the V/R variation as wave propagation phenomena, we find for the 1976 -1986 event that the V/R variation is of retrograde structure and a spiral structure is likely formed inside the disk in the latter half of this event. The weak correlations among physical parameters are suggestive of the disk truncated at some radius. It is noticed that remarkable stellar brightening has occurred in the latter half of the event, accompanying marked decrease of emission line intensities. As for the V/R variation appeared in around 2007, which looks like a recurrence of the previous event, we found less developed state of the disk without appreciable time lag.
Introduction
Be stars are the stars that show emission lines in the Balmer lines, singly ionized metal lines and sometimes neutral helium lines in their optical spectra. It is now widely accepted that Be stars are rapidly rotating stars surrounded by disks or rings in the low-latitude regions, where the emission lines are formed. Be stars are classified into ordinary Be stars and Be-shell stars according to whether sharp absorption lines, so-called shell absorption lines, exist or not in the Balmer and metallic lines. This classification is somehow related with the inclination of the Be disk. Namely, Be-shell stars are considered to have a disk nearly edge-on from the observer. Be stars usually exhibit irregular variations in both photometric and spectral features on various timescales from less than one day to several decades. Phase change among B, Be, and Be-shell stars are occasionally observed. A general review on Be stars can be seen in Porter and Rivinius (2003) . Moujtahid et al. (1998) reviewed long-term variations in various Be stars. On the formation of Balmer emission lines and shell absorption lines, an overview is seen in Kogure and Leung (2007) .
EW Lac (HD217050, B4IIIep) has been known as a typical Be-shell star since 1930's, showing irregular variations in the shell lines (Kogure 1975; Poeckert 1980; Hubert et al. 1987) . Remarkable V/R variations of the Balmer emission lines have been observed in the period from 1976 through 1986, and a similar variation may have started in around 2007.
For the 1976 -1986 events, several observations have been carried out. Kogure and Suzuki (1984) examined the V/R ratios for the Hα through the Hδ lines in the period 1960 -1983 , based on visual inspection of spectrograms, and qualitatively showed that the V/R variations in 1975 -1983 proceeded accompanying some time lag for different Balmer lines. Suzuki and Kogure (1986) showed the V/R variations for the Hα and the Hβ lines in the period from 1970 up to 1985, but without mentioning the time lag. Hubert et al. (1987) divided the spectroscopic history of EW Lac into quiet (1960 -1974) and active (1975 -1984) phases, and compared the spectroscopic features of these phases. The quiet phase corresponds to the Beshell star state and active phase to the remarkable V/R variation state. They examined the Balmer lines in the active phase and showed the existence of phase lags in the V/R variations for different Balmer lines and also in the relation between radial velocities of the emission-line centers and a higher Balmer line (H20). Kogure (1975) has analyzed the shell absorption lines and shown that the circumstellar disk of this star has large optical depth of the Hα line, as large as 2000 to 6000, accompanying some irregular variation in the period 1961 -1972 . Shell absorption lines in the Balmer series with higher quantum number (higher Balmer members) are generally optically thin and can provide information on the internal structure of the circumstellar disk in front of the photosphere, such as optical depths, effective disk area, gas motions and electron density.
In this paper we consider the spectroscopic behaviors of the Balmer emission lines and shell absorption lines, mostly in the first V/R variation period 1976 -1986 . We consider only long-term variations much longer than one day. Although it is interesting to see that EW Lac has shown the short-term V/R variations less than one day (Pavlovski and Schneider 1990; Floquet et al. 2000) , such a short-term variability is beyond this work.
In section 2, we present the observational data and reduction procedure. Section 3 is devoted to present the spectroscopic variations of emission line profiles in the Balmer series, including V/R ratios, peak separations and central core components. In section 4 we show the new appearance of the V/R variation in around 2007. In sections 5 and 6, we analyze Balmer shell absorption lines for the line intensities and radial velocities, and investigate the internal structure of the disk. We derive some physical parameters in section 7. In section 8, we examine the relationship between photometric variations and V/R variations. Structure of the disk related to the V/R variations is discussed in section 9. We summarize this paper in section 10.
Observational Data and Measurements of
Line-Profile Parameters
Observational Data and Reduction Procedure
In this section we present the observational data obtained in 1966 -1986 . We have measured 195 photographic spectrograms of EW Lac, obtained by the Coudé spectrograph attached to the 188 cm reflector at the Okayama Astrophysical Observatory (OAO). The plate list is shown partly in table 1 (Full table is given in the electronic version). The list contains the observation journal, plate number and the names of Balmer lines contained in each plate. The spectral dispersion is 10Å/mm (violet) and 20Å/mm (Hα) for C4-plates and 4Å/mm (violet) and 8Å/mm (Hα) for C10-plates, respectively.
All of the spectrograms were digitized with the PDS microdensitometer at the Kwasan Observatory of Kyoto University. The data analysis was carried out by the program developed by M. Suzuki, by making use of the computers in Kyoto University and Kanazawa Institute of Technology. The results were recorded on magnetic tape in the form of relative intensity traces in wavelength scale corrected for the solar motion. We have measured the parameters characterizing the line profiles on these tracings in the way described in the following subsections.
Subtraction of Emission Lines
We have selected 10 spectrograms with better S/N ratio among OAO plates, and prepared the average line profiles for the Balmer lines. These profiles were used for the fitting with Krucz's model profiles broadened by stellar rotation, under the parameter ranges of T eff (16000 -18000 K), log g (2.5 -3.5) and V sini (250 -450 km s −1 ) (Kurucz 1979) . We have thus adopted the following parameter set as the best fitting with the OAO profiles in the wing parts.
T eff = 16000 K, log g = 3.0 and V sini = 280 km s
In addition, we have measured the half-width at halfmaximum ∆ 1/2 of He I λ4471 for 10 selected OAO plates. V sini is estimated by making use of the correlation between V sini and ∆ 1/2 for several stars which show the parameters nearer to our parameter set. The data are taken from Chauville et al. (2001) . The result is that V sini = 279 ± 15 km s −1 , which is in accord with the above parameter set. The derived parameter set is also in accord with the spectral type B4IIIpe, which is given by Pavlovski et al. (1997) , for instance. Notice that our parameter set is used for determining the underlying photospheric profiles and is not sensitive to the discussions of the present paper. Samples of the profiles of the Balmer lines Hα through Hδ, and the photospheric absorption lines based on this parameter set are shown in figure 1.
Measurements of Line-Profile Parameters
In all of the observed Balmer emission line profiles, we have measured the following line-profile parameters which are defined in figure 2.
1. Heights of emission peaks I v (AA') and I r (BB') for the violet and red components, respectively, in unit of nearby continuum, then the V/R ratio is defined by the ratio I v /I r . 2. Heliocentric radial velocities of the emission peaks, V v at A, and V r at B in km s −1 . 3. Peak separation 2∆ p (velocity difference between A and B) of emission lines in km s −1 . 4. Equivalent width of the emission component above the photospheric line EW e inÅ. 5. Heliocentric radial velocities of the deepest point V c (at C) in km s −1 . 6. Depth of central core absorption measured from the photospheric absorption D c (CC'). 7. Full width at half-intensity of central core absorption 2∆ s (velocity difference between F and G) in km s −1 .
The numerical data of these parameters are partly shown in table 2, where the mean values of each observational time are given (Full table is given in the electronic version). 
Spectroscopic Variations of the Balmer Emission Lines
In this section we present the observed features of variation in the line profiles of EW Lac. In figure 3 we show the long-term variations of V/R ratios, heliocentric peak velocities (V v and V r ) and emission equivalent widths (EW e ) for the Hα through the Hδ lines. Main features are described in the following subsections.
V/R Variations
Although the V/R variations seem to have started in early 1970's in the Hγ and the Hδ lines with shallow V < R state (V/R ∼ 0.8 -0.9), the V/R variations become notable in 1976 and continued to around 1986 as seen in figure 3 (gray region). The V/R variation after 1986 will be considered in subsection 4.2. The remarkable V/R variation may be characterized by the following features: emission component is remarkable at V/R minimum phase.
Peak Velocities and Emission Line Intensities
In figure 3 are also shown the variations of heliocentric radial velocities at the violet and the red peaks (middle panel) and emission equivalent widths (bottom panel).
Weak correlation of the peak velocities V v and V r with the V/R variations is apparent. The radial velocities of the red peak slightly shifted red-ward along with the increase of the V/R value, whereas the violet components indicate almost no relationship. As a whole, the correlation is week. The average velocities and their standard deviations are given in table 4. The standard deviation is less than around 10 km s −1 . The equivalent widths of emission lines seem to show weak correlation with the V/R variations, though some large scatter is seen. The average equivalent widths in the V/R variation period are as follows:
EW e [Å] = 50.1 (Hα), 4.3 (Hβ), 1.0 (Hγ) and 0.67 (Hδ).
Peak Separations
Full peak separations 2∆ p are measured and the longterm variations are shown in figure 4. It is seen that the ∆ p for every line indicates little correlation with the V/R variation.
The average values and the standard deviations are as follows:
∆ p [km s −1 ] = 101.5 ± 6.0 (Hα), 110.5 ± 6.1 (Hβ), 112.1 ± 15.3 (Hγ) and 116.1 ± 11.3 (Hδ).
If we assume a circular disk around the equator, the peak separation gives the outer disk radius for a Keplerian disk, where each line is emitted. Upon this assumption we get the outer radii of the disk as follows:
Outer radius/stellar radius = 7.5 (Hα), 6.3 (Hβ), 6.0 (Hγ) and 5.9 (Hδ).
This infers that the size of emitting region is gradually getting smaller for higher members, even in case of elliptical disk.
Central Core Components in the Emission Lines
Central core component is the part of line profile that is formed by the combination of emission line and shell absorption line. We have measured the line-profile pa- Table 3 . Durations of the phase of V/R variation in days. Hα  480  710  680  950  2820  Hβ  820  370  710  610  2510  Hγ  810  140  580  780  2310  Hδ  710  120  310  950  2090   Table 4 . Average radial velocities of the emission peaks and standard deviations [km s −1 ].
Line Hα Hβ Hγ Hδ < V v > −113.5 ± 12.3 −127.3 ± 6.7 −127.4 ± 5.3 −127.2 ± 9.9 < V r > 90.9 ± 11.9 94.9 ± 12.8 100. 2 Time lag and velocity amplitude will be considered in section 6. 2. Depths of the central core showed no particular variations during the V/R variations. We notice that there appeared a marked intensity decrease in 1972 -1973, prior to the V/R variation period. This feature will be considered in subsection 5.2. 3. Full widths of the central core absorption of the Hγ and Hδ line exhibit a period of highly widened absorption as broad as 80 -90 km s −1 in 1978 -1981, as compared to that of the Hβ line which is in 40 -60 km s −1 . Since such large difference is difficult to explain by the difference of thermal motion, there should be some velocity structure inside the disk.
In addition, we consider the line asymmetry of the central core absorption. We define the line asymmetry by b/a, where a denotes the velocity difference between points F and G, and b the difference between the velocities at point F and at CC' (see figure 2) . Then b/a < 0.5 indicates the red faded asymmetry and b/a > 0.5 the opposite. The long-term variations of the line asymmetry for the Hβ, Hγ and Hδ are delineated in figure 6. Clear correlation is seen with the V/R variations. The lines became red faded when V > R (1980 to 1982) and then violet faded when V < R (1978 to 1979) for all measured lines. Line asymmetry for the Hβ line has already shown by Hubert et al. (1987) in the same sense with ours.
Line asymmetry is also shown by Ballereau et al. (1987) in their trace of the V/R variation in the Hβ line for HD184279 (V1294 Aql), where we can see the same sense of asymmetry as seen in figure 6 . In both stars, asymmetry is more prominent when V/R ratio is higher.
Widths of Emission Line Wings
The Balmer emission lines exhibit extended wings over the projected rotational velocity for the Hα and higher members. We have measured the widths of emission line wings from the line center both for the violet and red sides, W v and W r in km s −1 for the Hβ line (D and E in figure 2). The widths almost remain nearly constant before and during the V/R variation period and take the average velocities of
These values are larger than the projected rotational velocity of 280 km s −1 . The situation is the same for the Hγ and the Hδ lines (see figure 1 ). These wide wings of emission profiles indicate that the circumstellar disk is not a detached ring, but a plain disk filled with gas.
Recurrence of the V/R variation

Observations
In order to see the state of V/R variations at present, an additional observation was made on 2010 October 22 at the Okayama Astrophysical Observatory. By making use of the HIDES (High Dispersion Echelle Spectrograph), attached to the 188 cm reflector, we obtained a spectrum in a range of 4000 -7000Å. Balmer lines are analyzed similarly with the method described in section 2. The results of measurement are summarized in table 5. The definitions of physical quantities are the same as in figure 2.
Long-Term V/R Variations
We have traced the long-term V/R variations of the Hα and Hβ lines up to 2011, using the data taken from Ballereau et al. (1987) , Grundstrom (2007) , Floquet et al. (2000) , Rivinius et al. (2006) and the data sets of spectro- It is found that the V/R variation of 1976 -1986 did not ceased, but continued thereafter repeating irregular form of V/R variation. The V/R maximum appeared around in 1979, 1986, 1994, 2000 and 2008 , so that the average period is approximately seven years. Among these repeated variations, the one that peaked in 2008 is most remarkable in its maximum and minimum V/R ratios. It seems a recurrence of the event of 1976 -1986 in its global behavior.
However, spectral features are different between the 1976 -1986 and the 2007 -2012 events. Our observation shows that EW Lac was in the state of V < R in 2010 October. The emission equivalent width of the Hα line (21Å) is much smaller than that in the previous event (around 50Å), and the peak separation (228 km s −1 ) is larger than that in the previous event (203 km s −1 ). The V/R ratios are almost the same among all of the emission lines. The implication of these differences will be discussed in section 9.2.
Shell Absorption Lines and Optical Depths
Method and Fittings
Shell absorption lines are formed in the part of disk lying in front of the stellar photosphere. This part is char-1 http://www.astrosurf.com/buil/us/bestar.htm 2 http://basebe.obspm.fr/basebe/ acterized by two parameters β and τ (Hα), where β is the fractional area of this layer relative to the photospheric disk, and τ (Hα) is the optical depth of the Hα line in this layer. In case of near edge-on star, this part of the disk is schematically illustrated in figure 8. The formula giving the central depths of the shell absorption lines in higher members of the Balmer series has been derived by Kogure et al. (1978) and applied to the analysis of Be-shell stars. The same formula can also be derived as follows, based on a simple assumption that the shell lines are formed by pure absorption inside the disk.
Let r n and r * be the residual intensities at the centers of the line Hn and that of the photospheric absorption, relative to the nearby continuum I c , respectively. If we assume that there is no limb darkening on the photosphere, we have surface intensity I * (λ) for the part of naked photosphere, whereas we have I * (λ)e −τ (λ) for the part covered by the disk at any wavelength λ. We then have r n = (I * /I c )β exp [−τ (Hn) ] and r * = (I * /I c )(1 − β), and the central depth d n of Hn, defined by d n = (r * − r n )/r * is written as (1) where τ (Hn) denotes the optical depth for the line Hn, and
B 2n is the Einstein coefficient for 2-n transition. In deriving equation (1), we have assumed that there is no Balmer progression in the shell lines. The security of this assumption will be discussed in section 6.2. By fitting the curves of equation (1) with observed points on the (d n -logω n ) diagram, we can get the values of τ (Hα) and β simultaneously by horizontal translation of the curve. In some case, we need a combination of two curves of the formula (1) having two sets of τ 1 (Hα), β 1 and τ 2 (Hα), β 2 , where τ 1 (Hα) > τ 2 (Hα). The decomposition into two layers is made by a simple addition of the same formula (1). Some examples of single-layer and double-layer fitting are shown in figure 9 .
The values of τ (Hα) and β measured for EW Lac are partly given in table 6 (Full table is given in the electronic version). It contains the date, S/D (sign of adopted singleor double-layer fitting), and the values of τ (Hα) and β for the single and double layers, separately.
It is seen that the optical depth τ (Hα) varies in a range from 2000 to 6000 for optically thick layer, and from 200 to 800 for optically thin layer. In contrast, the parameter β (single layer) or β 1 +β 2 (double layers) was always larger than 0.6, meaning that the disk is sufficiently extended in front of the photosphere.
Long-Term Variations
The long-term variations of τ (Hα) and β are shown in figure 10. These parameters evidently exhibit different behaviors as a whole as compared to the V/R variations or other emission line properties.
As seen in figure 10 , τ (Hα) showed a saw-teeth like variation: gradual decline, sudden increase and gradual decline in 1970's to 1980's. It is to be noticed that the sudden increase in the middle of 1979 nearly corresponds to the epoch of the V/R maximum phase. Moujtahid et al. (1998) also observed the sudden increase of the Balmer discontinuity in the same epoch after a long period of gradual decline. This infers that the disk also becomes opaque in the Balmer continuum in this epoch.
It is also noticed in figure 10 that, in some epochs, the disk is divided into optically thick and thin layers (double-layer fitting). There seems to exist a tendency that the double layers appear when τ (Hα) is relatively small, smaller than around 3500. If we assume that EW Lac is seen nearly equator-on, we can suppose that the value of β is a measure of the vertical height of the disk. The disk is sufficiently vertically extended when τ (Hα) is large, whereas, when τ (Hα) is small, the disk vertically shrinks and the optically thick layer seems sandwiched between two optically thinner layers.
The value of β has remained almost constant with its high level of 0.9 -1.0 throughout the period of the V/R variation. One may notice that β once dropped to around 0.65 in 1972 -73, and recovered to 0.9-level in 1974. It is interesting to see that the central depths of emission profiles of the Hα through the Hδ lines, have markedly decreased in this period (subsection 3.4, figure 5 ). The decrease of β indicates the increase of the effective area of naked photosphere, so that this gives the explanation why the central depths of emission lines decreased. It is because additional emission from the photosphere makes shallow the central depths apparently. 
Shell Line Depths along Balmer Series
Concerning the central depth analysis, Kupo (1969) plotted the inverse central residual intensities of Balmer shell lines (line depth) against the series number for some epochs in 1965 September through December. His purpose was the determination of electron density of the disk by making use of Inglis-Teller formula. Kupo determined the value of the maximum number n m by extrapolating the observed line depths to the zero level of line depth. He noticed that the observed residual intensities are often approximated by two broken lines, for which he interpreted by the existence of two layers with different electron density.
According to our present method, disappearance of shell absorption lines at highest members of the Balmer series is caused by the decrease of optical depths of the lines, which occurs before the lines are mutually blended by Stark effect. This is apparent when we examine the line profiles of shell lines which are well separated in the highest members around H35 in case of EW Lac. In weaker shell stars, shell lines disappear in series number much less than 30.
From the view point of our central depth analysis, Kupo's one straight line indicates the case of one-layer disk with one-value of β, whereas the broken two lines correspond to the case of two-layer disk with two values of β 1 and β 2 . This is easily shown by producing the series number dependence of the central depths based on our measurements. An example of broken lines is shown in figure 11 , in which our values of β and τ (Hα) for both broken lines are also indicated. In this way we can explain Kupo's diagram in terms of the existence of single or double layers in the disk.
In Kupo's observations in 1965, one straight line ap- peared only in October, whereas two-broken lines are widely observed from September through December. As stated in section 5.1, two-layer state tends to appear when τ (Hα) is smaller than around 3500. Although we have no data of β and τ (Hα) in this period, we can guess that the disk in this year was optically thin, τ (Hα) ≤ 3500, but variable in the value of β.
Optical Depths of the Disk
Once τ (Hα) is determined, we can deduce the optical depth for any Balmer lines τ (Hn) through the value of ω 2n . The optical depths of the disk for the Hβ through the Hδ lines, relative to Hα, are shown in table 7 for some cases of τ (Hα).
In the same way we can obtain the optical depths of the shell lines through the values of ω 2n . In figure 12 is shown the maximum series number n m of Balmer shell line recognized on the photographic plate, and the series number n 1 at which τ (Hn)= 1. It is seen that both of n m and n 1 are almost unrelated with the V/R variations, and that the values of n 1 appear almost in between 16 and 25. This infers that the average radial velocity V (<H16 -H25>), given below, is a good measure for indicating the gas motion inside the disk.
Radial Velocities of Shell Lines
Radial Velocities of the Line Centers
We measured the radial velocities of the central deep cores of line profiles, which correspond to the primary core noticed by Hubert et al. (1987) . Average heliocentric velocities of two cases of V (<H6 -H15>) and V (<H16 -H25>), along with the value of V (H20), are partly given in table 8 (Full table is given in the electronic version). The variation of radial velocity V (H20), measured by Hubert et al. (1987) is in general coincidence with ours.
The long-term variations of the average radial velocities V (<H6 -H15>) and V (<H16 -H25>) are shown in figure  13 , along with the data of Granes (1972) . Remarkable is the parallel relationship of radial velocities with the V/R variations given in figure 3 . This relationship infers that the V/R variations are closely connected with the internal gas motion of the disk. It is notable that the radial velocity started to decrease in around 1973, before the commencement of remarkable V/R variation. This infers that the disk matter in front of the star started to move 1961 1964 1967 1970 1973 1976 1979 1982 1985 Balmer series number JD -2400000 n max n 1 Fig. 12 . Maximum series number of recognizable Balmer lines nm and series number n 1 at which τ (Hn)= 1.
outward in this early time, then gradually accelerated and turned to the inward motion in around 1978 Large amplitudes of the velocity curves make difficult to explain the V/R variation in terms of the contractingexpanding motion of gas elements in a circular disk. This is because, if we calculate the distance of gas elements traveling during the expanding or contracting phase, the resultant distance is well over the whole size of the disk. It is thus evident that the pulsation hypothesis (contraction/expansion) in a circular disk should be ruled out in case of EW Lac. Close parallelism between the V/R and the radial velocity variations is suggestive of the existence of some non-circular disk, reflecting the projected velocity of some Keplerian motion, though the velocity structure of the disk is not clear.
It is also noticed that the radial velocities of the deepest points of central core for the Hβ through Hδ lines in around 1979, given in figure 5, disclose close relationship with V (<H6 -H15>) and V (<H16 -H25>) in the following two points: First, the amplitude of variation is lower for lower member and higher for higher member, and secondly, the epoch of the maximum velocity is delayed in lower member. These different behaviors may be attributed to the existence of emission components in the line profiles of the lower members and the difference of optical depths of the respective lines. The latter implies that, since higher members are optically thin and formed in deeper layer, the disk should have larger gas motion in deeper layer as compared to its outer layer.
Balmer Progression
We have measured the amount of the Balmer progression, by creating a linear regression line on the radial velocity distribution along the Balmer series. We simply define the Balmer progression (BP , in km s −1 ) by the formula
where V (Hn) denotes the radial velocities of shell lines Hn, read out on the linear regression line of the observed progression. The values of V (H10) and BP are partly given in table 9 (Full table is given in the electronic version). Figure 14 illustrates a sample of Balmer progression measured in two epochs. The long-term variation of BP is shown in figure 15 . In most of the observed period, BP is confined within ±5 km s −1 . Since thermal motion inside the disk is around 15 km s −1 , provided the electron temperature is 10000 K or so. The small value of BP less than 15 km s −1 gives a security for the neglect of Balmer progression, adopted in section 5.1.
Though amplitude is small, the BP variation indicates some parallel correlation with the radial velocity variation of the shell lines given in figure 13 . This may reflects some effects of differential gas motion inside the disk.
Physical Parameters of the Disk
Electron Density
By making use of the derived value of τ (Hα), we can roughly estimate the distribution of electron density in 1961 1964 1967 1970 1973 1976 1979 1982 1985 Radial velocity [km s the disk lying in front of the photosphere, provided the outer radius R d of the disk is known. We shall tentatively adopt the outer radius R d = 7.5R * given in section 3.3, where R * denotes the radius of the photosphere. Then we have (Kogure and Leung 2007 , definitions and references therein),
and
where K is a constant depending on the stellar temperature, and K = 3.84 × 10 −33 for EW Lac (T eff = 15800 K). W (r) is the dilution factor at the distance r from the star center. If we assume that the distribution of electron density N e (r) is given by a power law with index α as
where N eo denotes the electron density at the stellar surface. Integrating equation (4), we have
Since τ (Hα) is already known, we can derive the distribution of electron density N e (r), provided the values of R d and the index α are known. Thus a sample of estimated electron density at the stellar surface is shown in table 10. Notice that these values are not sensitive to the adopted outer radius R d . In table 10, it is noticed that the value of N e0 at τ (Hα) = 6000 is around 1.7 times larger than that at τ (Hα) = 2000 for every value of α. It is also apparent that the density enhancement gives rise to little effects on the variation of equivalent widths of emission lines which remained almost unchanged in this period ( figure 3 ). This weak relationship may be caused by large optical depths of emission lines that are formed in the outer region of the equal line-of-sight velocity zone, and weakly affected by the density enhancement. The relationship between density enhancement and formation of emission line profiles is the problem to be considered elsewhere, though the density enhancement is usually assumed as a cause of one-armed oscillations, or of some perturbations. By making use of the optical depth τ (Hα) given in table 10, we can also estimate the partial mass of the disk M p that lies in front of the photosphere, by assuming this part as a cylinder with a base area of β-times the photospheric disk and a given optical depth τ (Hα) for its height. The result of estimation is given in table 11. The increase of mass is around factor 1.7 from τ (Hα) = 2000 to 6000. The partial mass slightly decreases for large value of the index α.
As seen in figure 10, optical depth τ (Hα) in front of the photosphere abruptly increased from around 2000 to 5000 during 400 days, i.e., from 1977 October through 1978 November. This infers that the partial mass is also increased at the time. A rough estimation, based on the values of table 11 (Case of α = 3), gives the mass increasing rate of 3.3 × 10 −11 M ⊙ yr −1 . This value, however, does not necessarily indicate the mass loss rate from the photosphere. If we assume an elliptical disk, massive part of the disk might have moved toward the front part of the photosphere.
Photometric Variations and V/R Variations
EW Lac is known as a remarkable photometric variable, and observations elucidate a large variety from shortto long-term variations. In short-term variation within one day, evidence of multi-periodicity has widely observed (Pavlovski 1987; Pavlovski et al. 1993) , and some correlation with short-term V/R variation has been pointed out (Pavlovski and Schneider 1990) . Long-term variations, much longer than one day, are mostly irregular, but reveal possible correlation with V/R variation in some case.
In order to inspect the photometric behaviors of EW Lac during the V/R variation, we show in figure 16 the long term variations of V magnitude and colors, based on the data of Pavlovski et al. (1997 ), Jeong et al. (1986 and Stagg et al. (1988) . For comparison, the V/R variations are also reproduced from figure 3.
It is seen that the V/R variation is related in some way with the light variation. The relationship may be given as follows:
1. The remarkable brightening occurred in the latter half period of the V/R variation, while the darkening of light in around 1978 appeared just prior to the V/R maximum epoch. In the epoch of the brightening in 1981 -1984, marked decrease of emission line intensities in the Hα through the Hδ lines were observed. As seen in figure 3 , equivalent width EW e (Hα) decreased from 50Å level down to 40 A level in 1982 40 A level in -1985 40 A level in . Ballereau et al. (1987 measured the equivalent widths of Hα line in the epoch from 1983 September to October. Although a marked short-term variation was seen in between 16.43 and 33.85Å , their average value is considerably lower than 50Å level. On closer inspection of figure 13 , we can see that the average radial velocity V (<H16-H25>) reached a deep minimum of around −35 km s −1 in this epoch, indicating the existence of a strong outward gas motion in front of the photosphere. In addition, the optical depth τ (Hα) showed a small dip, ∆τ (Hα) ∼ 1000, in 1982 -1983 during its general decline phase as seen in figure 10 . These features suggest the stellar brightening has induced some spectroscopic changes in the disk. One possible scenario may be that the stellar brightening has given rise to strong stellar wind, by which a part of disk mass has blown out, and as a result, emission line intensity has decreased markedly. 2. Prior to the V/R maximum phase, a remarkable darkening in V band appeared accompanying some decrease of U − B color in 1978. It is also noticed that a marked dip around 0.05 magnitude occurred in 1977 (around JD 2443300). The years 1977 -1978 correspond to the time when the gas motion in the inner part of the disk in front of the photosphere changed from outward to inward (figure 13). Temporal variations of brightness and colors in some irregular form seem to be connected with gas motions inside the disk. 3. Stellar brightness seems to have no direct effect to the optical structure of the disk, since the stellar brightening occurred while the optical depth τ (Hα) is in its declining phase (figure 10). 4. Pavlovski & Ružić (1991) claimed a close correlation between the brightness and radial velocity variations or shell activity for EW Lac. In our observations, no such correlation was confirmed.
Discussions
Retrograde Nature of the V/R Variation
We suppose that the V/R variation is caused by the propagation of some density enhancement, not by the change of global shape (see sections 3.3 and 6.1). Then, by comparing the long-term variation of the V/R ratios in figure 3 , and of the optical depth τ (Hα) in figure 10, we can suppose that the V/R variation is of retrograde structure. 5 1961 1964 1967 1970 1973 1976 1979 1982 1985 V First of all, notice that the optical depth reached its maximum in late 1978, and has started its nearly monotonous declining for the latter half of the V/R variation period (figure 10). The V/R ratio showed its maximum in the middle of 1979. When V/R ratio is in its maximum state, the enhanced region lies in the approaching side of the disk. In case of prograde nature, the enhanced region should move to the front side of the disk, causing the increase of the optical depth. In case of retrograde nature, this is in opposite, that is, the enhanced region moves to the behind side. A schematic configuration of enhanced region for EW Lac is illustrated in figure 17 at a phase of nearly V/R maximum. After this phase, the optical depth τ (Hα) gradually declined, and this implies that V/R variation is of retrograde structure in this star.
This retrograde structure of EW Lac seems particular among Be V/R variables. Telting et al. (1994) find the prograde nature for the case of β 1 Mon. Mennickent et al. (1997) carried out photometric observations for six stars (V923 Aql, V1294 Aql, γ Cas, 48 Lib, MX Pup, ζ Tau) and found that these stars are compatible with prograde global disk oscillations based on the model of Papaloizou et al. (1992) . Ogilvie (2008) calculated 3D eccentric disk models of Be stars, and obtained the prograde modes for all reasonable disk conditions. On the other hand, Okazaki (1991) mentioned in his one-armed oscillation model, that the fundamental modes and all of the overtones generally retrograde. He also states that the prograde density structure found in β 1 Mon is difficult to explain by his model. EW Lac may belong to this retrograde case.
Time Lag and Spiral Structure
In the V/R variations of EW Lac, two behaviors are to be noticed. One is the time lag for different Balmer lines, particularly in the latter half of the V/R variation period. The second is the shortening of the duration of the V/R variation from Hα toward Hδ. In table 3 we see that the total durations after the V/R maximum phase are 2340 (Hα), 1690 (Hβ), 1500 (Hγ) and 1380 (Hδ) days, respectively. The optical depth is smaller and the peak separation of Balmer emission is larger for higher members than for lower members. These evidences indicate that higher members are formed in deeper layer than lower members. This implies that the angular velocity of wave propagation is higher in deeper layer than in outer layer. By combining time lag and phase shortening, we can suppose that the spiral structure possibly appeared in this period inside the disk.
In figure 18 we depict a schematic configuration of the density enhanced regions of the lines Hα through Hδ at around the phase of V/R minimum for Hγ and Hδ in the middle of 1980. After the phase of V/R maximum shown in figure 17 , the enhanced regions are separated in the sense that higher members propagate faster than lower members, thus the spiral structure is formed as shown in figure 18 . We can trace this spiral structure up to around 1983. In 1984, the enhanced regions successively dispersed before entering the front side of the photosphere, so that the V/R ratios has become unity and the optical depth decreased down to the value of τ (Hα) ∼ 2000.
Okazaki (1991) mentioned, in his one-armed oscillation model, that, when one-armed waves are excited, the most perturbed region is likely to be in the innermost part of the disk, and propagate outward with a group velocity depending on their frequencies. Carciofi et. al. (2009) calculated 2D global oscillation model in the disk of binary star, ζ Tau, and showed an appearance of a pair of or single spiral-like structure. Okazaki (1991) also mentioned that the propagation of such perturbed region is merely a transient one. Spiral structure in EW Lac appeared only in latter half of the V/R variation period, so that the spiral structure of EW Lac may be corresponding to the transient phenomena predicted by Okazaki. Rivinius et al. (2006) claim the finding of phase lag and helical structure of the density waves in the long-term V/R variables, maybe including 48 Lib, though the details are not shown.
In the V/R variation period started in 2007, it may be interesting to see whether similar spiral structure appeared or not after the V/R maximum phase. Although observational data are quite limited (Section 4.1), there is one clue to guess the absence of spiral structure. That is, the V/R ratios have shown similar values for all of emission lines at the epoch of 2010 October, several hundred days after the V/R maximum, suggesting the lacking of time lag as compared with the first event. Time lag seems to be closely related to the formation of spiral structure.
Weak Correlation and Possible Binary Effect
As shown in section 3, the V/R variation indicates weak correlations with peak radial velocities, peak separations of emission lines, and emission equivalent widths. These weak correlations suggest the structure of the disk truncated at some radius from the star center. One possibility for such truncation is to assume the existence of unseen small-mass companion around the primary. According to the stable orbit theory of Hénon & Guyot (1970) , gas particles around the primary make some stable orbits, and the maximum stable orbit (MSPO) defines the outer boundary of circumstellar mass around the primary. When the mass ratio is sufficiently small such as less than 5 percent, MSPO gives rise to two effects: one is the existence of outer boundary of the disk, and second is small eccentricity of the disk. These effects might explain the existence of weak correlation among physical parameters when applied to EW Lac. This possibility, however, remained as a future problem.
Summary
EW Lac entered the repeating V/R variation phase in 1976 with approximate period of seven years. Among those, remarkable V/R variation has been observed in 1976 -1986 , and in the time started in late 2000's.
We have mainly investigated the spectroscopic behaviors of EW Lac during the first V/R variation event. We analyzed emission lines and shell absorption lines in the Balmer series. In the analysis of emission lines, we found that the V/R variations of the Hα through the Hδ lines are characterized by time lag and shortening of phase duration from lower to higher Balmer members. Time lag is conspicuous after the V/R maximum and the V/R ratio reached its minimum value in the order from Hδ to Hα. The phase duration is longest in Hα and shortest in Hδ. We also found weak correlations between V/R variation and physical parameters such as peak velocities, emission equivalent widths and peak separations.
We have then analyzed shell absorption lines for higher members of the Balmer series, which are formed in the disk lying in front of the photosphere. Our finding is as follows:
1. Disk is sufficiently opaque for the emission lines and the optical depth is as high as 2000 to 6000 in the Hα line. Optical depth is getting lower and becomes unity in around H15 -H25. 2. Long-term variation of the optical depth of Hα displays quite different behavior as compared to the V/R variation. However, the epoch of maximum depth in 1979 nearly coincides with the epoch of V/R maximum. 3. The effective area of the disk covering the photosphere is high during the V/R variation period, implying that the disk is vertically extended in front of the photosphere. 4. Average radial velocity of the shell absorption lines showed long-term variation parallel with that of the V/R variation. This implies that the V/R variations are associated with the internal velocity structure of the disk. 5. Electron density and partial mass in front of the photosphere are estimated in some cases. Electron density showed the change around 1.5 ∼ 1.7 times during the V/R variation.
Based on the analysis of emission and shell absorption lines, we have considered the disk structure as follows:
1. The V/R variation is found to have retrograde structure. 2. Spiral structure is likely observed inside the disk in the latter half of the V/R variation period. 3. Possible effect of unseen small-mass companion is suggested to explain the weak correlation between V/R variation and other physical parameters. Binary effect, however, remained as a future problem. 4. Close relationship between photometric variation and the V/R variation is pointed out. The remarkable brightening of the star in the later stage of the V/R variation may have induced a mass loss from the disk, causing a marked decrease of emission line intensity.
The V/R variation appeared in 2007 is just like a recurrence of the 1976 -1986 event. Our observations in 2010 showed low emission intensities, and similar values of V/R ratios for Hα through Hδ, several hundred days after the V/R maximum epoch. This suggests the absence of time lag.
EW Lac may be the first star that time lag and variation of phase duration in the V/R variation have been observed. Present study yields important constraints for the modeling of the V/R variation of this star.
